Introduction
Tracheal development in Drosophila melanogaster is used as a paradigm to study epithelial tube formation during development (reviewed in [1] [2] [3] [4] ). The tracheal system derives from bilateral clusters of ectodermal cells, which invaginate and form epithelial sacs. Tracheal cells are mechanically connected to their immediate neighbors via intercellular adherens junctions (AJs), which maintain the integrity of the tissue throughout tracheal development. Primary branches are initiated by one or two tip cells, which bud out of a sac ( Figure S1A and Movie S1 available online). All tracheal cells express the fibroblast growth factor receptor Breathless [5] . The migratory behavior of the primary branch cells is induced by, and directed to, localized sources of the secreted ligand Branchless adjacent to the branch tips [6] . Several stalk cells follow the tip cells and organize into tubes, providing material for primary branch elongation ( Figure S1B ). Tracheal primary branch elongation does not depend on, and is not accompanied by, cell proliferation [7] .
Stalk-cell intercalation (SCI) is the most prominent feature of primary branch elongation. At the onset of branch elongation, stalk cells are in a side-by-side arrangement and the apical surface of two or more cells contribute to the tube lumen circumference (Figures S1C and S1D and Movie S2). The stalk cells remodel their AJs and change their neighboring relationships [8] : individual cells reach around the lumen and form the first autocellular AJs ( Figure S1E ); intercellular AJs of adjacent cells are progressively converted into autocellular AJs ( Figure S1F) ; finally, only small intercellular AJ rings remain [9] ( Figure S1G ). When branch elongation is complete, stalk cells are in an end-to-end arrangement and the lumen circumference of the tube is made up from single tube-shaped cells. SCI takes place in all primary branches except the ones that will eventually form the large dorsal trunk.
We aimed at characterizing the mechanical processes involved in Drosophila tracheal system development. Here, we identify the main forces that contribute to tracheal primary branch remodeling and we show that tracheal primary branches have a viscoelastic behavior.
Results

Tip Cells Are the Only Motile Cells of the Tracheal System
Targeted expression of Green Fluorescent Protein fused to Actin (GFP::Actin) in tracheal cells reveals the presence of extremely dynamic filopodia at the tip of the primary branches [10] . A straightforward interpretation of these results is that primary branch elongation is due to the active migration of a few tip cells that move away from an epithelial sac. However, such a model could well be an oversimplification of the system because it does not integrate any events that would take place in the stalk cells themselves. To identify the forces that contribute to primary branch elongation, we focused on the dorsal branches (DBs). DBs are made up of two tip cells and three to six stalk cells (n = 21). DBs arise from the dorsal trunk, elongate toward the dorsal midline, and fuse with the DBs from the controlateral side ( Figure S1B and Movie S1). The forces that act on the DBs could be external pulling forces at the tip cells generated either by tip-cell motility or surrounding tissue movements (on which the tip cells would be anchored). Alternatively, internal pushing forces created by stalk-cell motility, active junctional remodeling in stalk cells, autonomous stretching of stalk cells, or luminal pressure could be involved in branch elongation [11] (Figure 1A ). In order to look for signs of stalk-cell motility, we expressed GFP::Actin in individual tracheal cells [8] (see Experimental Procedures). This allowed us to reliably assign cell extensions to specific DB cells and to visualize cell extensions embedded into the DBs that are hidden by a lack of contrast in situations in which all cells express GFP. As already described [10] , long filopodia protruding in all directions were visible at the tip of the DBs. These filopodia were emitted by the tip cells (n = 7); in contrast, we found that stalk cells emitted only few and short extensions (n = 10) ( Figure 1B) .
Intuitively, tip-cell migration seems to play an active role in branch elongation whereas stalk-cell motility appears to be passive. However, as in germ band extension (GBE), local forces acting at cell boundaries could account for SCI [12] [13] [14] (Figure S2 ). Therefore, we used live imaging to compare the localization of Myosin II regulatory light chain fused to GFP (Sqh::GFP) during SCI to the localization of Sqh::GFP during GBE. We detected labile signals in DBs, where focal Sqh::GFP accumulations appeared and disappeared within a minute (n = 4), contrasting the relatively stable signals along cell junctions in the elongating germ band (n = 4) ( Figure 1C ; Movies S3 and S4). Moreover, Sqh::GFP did not preferentially localize along cell junctions in DBs (compare Figure 1C with Figure 1A ), suggesting that active junctional remodeling of stalk cells by the same mechanism as in GBE is unlikely to be the driving force for branch elongation. To test whether luminal pressure contributes to DB elongation, we overexpressed IkappaB kinase-like 2 (Ik2) in tracheal cells and monitored tracheal system development. Under this condition, apicobasal polarity is lost in tracheal cells and only small luminal cysts form in the dorsal trunk while the lumen does not extend into the DBs [15] (compare Movie S5 with Figure 1A ). Nevertheless, DB elongation was not impaired, although the tracheal system eventually disintegrated into many cell clusters (n = 3) (Movie S6). Taken together, these results suggest that the pulling forces applied to the tip cells are the most conspicuous forces acting on the DBs.
DB stalk cells are embedded in the dorsal mesoderm and lay in narrow grooves separating the muscle precursor cells of adjacent metameres [16] . These grooves constrain tip-cell migration but do not seem to be required either for DB elongation or for SCI. twist mutant embryos, which lack mesoderm derivatives, formed tracheal dorsoventral structures reminiscent of DBs that elongated and underwent SCI (n = 5) ( Figure 1D ). Dorsal Closure Is Not Required for SCI in DBs DB tip-cell migration accompanies dorsal closure, the process whereby the lateral epidermis from the two sides of the embryo moves up and converges at the dorsal midline to cover the amnioserosal sheet [17] (Figures S1A and S1B ). To test whether tip-cell migration is cell autonomous or relies on lateral epidermis movements, which could tow the tip cells, we examined tip-cell migration with respect to dorsal closure by using live imaging (n = 3). In order to label the adherens junctions (AJs), aCatenin fused to GFP (aCat::GFP) was expressed in the tracheal system, and to some extent in amnioserosa cells, with the breathless-Gal4 (btl-Gal4) driver. The engrailed-Gal4 (en-Gal4) driver was used to additionally label the posterior compartment of each segment of the epidermis. During the entire course of DB elongation, as previously shown in the later stages of this process [18] , the tip cells impinged on the lateral epidermis whereas the stalk cells were separated from it ( Figure 2A and Movie S7). However, the tip-cell reference point, defined as the AJ loop these cells form, sequentially superposed with seven different epidermal cells in the three movies we made. This indicates that the tip cells are not anchored to a specific epidermal location (Figures 2A-2D ). Although we can not exclude a mechanical contribution of dorsal closure to tip-cell migration (like an escalator on which the tip cells would crawl), these results suggest that tip-cell migration is cell autonomous to a large part. Furthermore, embryos in which dorsal closure is severely disrupted were able to elongate their DBs and to complete SCI (n = 3) ( Figure S3 ), suggesting that autonomous tip-cell migratory forces are sufficient to drive SCI. 
SCI Is a Consequence of DB Elongation
To test whether DB elongation is a consequence of SCI, we first examined their relative timing with time-lapse movies of embryos in which only the AJs of the tracheal system were labeled (Figures 2E-2H and Movie S8). SCI was concomitant to DB elongation, but encompassed an early and relatively short period of the latter ( Figure 2F ). The DBs elongated up to a total length of 48 6 8 mm (mean 6 standard deviation) in order to finalize SCI, and 85 6 2 mm in order to reach the dorsal midline (n = 4). This indicates that part of DB elongation takes place after SCI ( Figures 2G and 2H) . Then, we analyzed embryos ectopically expressing the transcription factor Spalt (Sal) in the entire tracheal system, a condition in which SCI is completely inhibited [8] . The DBs elongated extensively, up to 49 6 2 mm, until they finally collapsed (n = 3) ( Figure S4 ). This elongation represents about two-thirds of the average DB length when dorsal fusion occurs normally: 85 6 2 mm in a sample of 4 wild-type DBs, and 83 6 9 mm in a sample of 12 DBs in which the stalk-cell number is modulated by genetics means (see ''SCI Adapts to Tensile Stress''). Taken together, these results suggest that SCI accompanies but does not drive DB elongation.
Conversely, to test whether DB elongation drives SCI, we tried to abolish DB elongation by ablating the migrating tip cells with a laser microsurgery microscope [19] (see Experimental Procedures). Interestingly, for some reasons that begin to be revealed [20] , we could not permanently abolish the pulling forces applied to the DBs by selectively ablating the tip cells; about 20 min after laser microsurgery, the stalk cell previously in contact with the tip cells started to emit long filopodia and took over the tip-cell migratory function (n = 3) (Movie S9). Therefore, to efficiently abolish DB elongation, we disconnected the DBs from the dorsal trunk before SCI by selectively ablating two stalk cells at their base ( Figure 3A ). Consecutive DB development was recorded by live imaging (Movie S10). The disconnected DBs migrated at an average speed of 16 6 4 mm/hr and subsequently fused to controlateral DBs (n = 3). However, they did not elongate, indicating that no autonomous stalk-cell stretching took place. Furthermore, SCI did not occur ( Figure 3B) , and stalk cells remained in a side-byside arrangement, suggesting that DB elongation is required to trigger SCI. The adjacent DBs that were left intact (n = 3) migrated at an average speed of 16 6 3 mm/hr, a value similar to the one measured for the disconnected DBs (see legend of Movie S10 for a general discussion about the average migration speeds of the disconnected DBs and the control DBs).
Once SCI has been triggered, secondary forces generated by the stalk cells themselves could be involved in the completion of SCI. In order to look for signs of such forces, we disconnected DBs from the dorsal trunk shortly after SCI had been Figure S1B ), is also visible (asterisk); the fact that it seems to intersect with a DB is due to a projection artifact. (C and D) Second movie, the anterior DB is disconnected from the dorsal trunk shortly after SCI has been initiated. initiated and the first autocellular AJs had been formed ( Figure 3C ), and we recorded DB development by live imaging (Movie S11). Upon laser microsurgery, DB migration proceeded at an average speed of 12 6 4 mm/hr, but the stalk cells did not complete SCI and remained in the state of intercalation they were in when DB disconnection occurred (n = 3) ( Figure 3D ). This suggests that no stalk-cell internal forces act after SCI has been initiated. From these and the previous results, we conclude that SCI is a consequence, not a cause, of DB elongation. DB elongation is required throughout the process of SCI. Neither tip-cell migration nor SCI requires stalk-cell internal forces. Tip-cell migration forces are powerful enough to tow the DBs to the dorsal midline. The adjacent DBs that were left intact (n = 3) migrated at an average speed of 12 6 2 mm/hr, a value similar to one of the disconnected DBs (see legend of Movie S10 for a general discussion about the average migration speeds of the disconnected DBs and the control DBs).
DBs Are Viscoelastic Bodies
All the results presented above are consistent with the following hypothesis: tip-cell migratory pulling forces are the main forces that drive DB elongation, which in turn triggers SCI in a yet-to-be-determined manner. From a mechanical point of view, DBs are solid bodies whose elongation (mechanical strain) depends on external forces (mechanical load). To test whether DBs have an elastic component, we laser-ablated the DB tip cells before SCI. DB reaction was recorded by live imaging ( Figure 4A and Movie S12). Upon tip-cell ablation, DBs retracted at a speed of 0.15 6 0.08 mm/s (n = 7) ( Figures 4B and  4C ), indicating that DBs are indeed elastic bodies in which some elastic energy is stored before SCI. Because no SCI occurs in the absence of DB elongation (Figure 3) , this result suggests that the tensile stress created in the DBs is responsible for triggering SCI.
To determine whether DBs also have a plastic component, we estimated the amount of DB retraction upon tip-cell ablation at different stages of elongation (n = 13, see Experimental Procedures; Figures 4B and 4D ). We found a linear relationship (r = 0.85, p < 10 24 ) between DB length just before tip-cell ablation and the amount of retraction after tip-cell ablation ( Figure 4D ). DB rest length can be defined as the DB length before tip-cell ablation minus the amount of retraction after tipcell ablation. DB rest length clearly increases with increasing DB length just before tip-cell ablation, indicating that DBs have a plastic component. Taken together, these results suggest that DBs are viscoelastic bodies.
SCI Modulates DB Viscoelastic Properties
To test whether SCI influences the mechanical properties of the DBs, we compared DBs expressing sal, in which SCI is completely inhibited, to DBs in which SCI occurs normally. DBs expressing sal elongated at an average speed of 7 6 5 mm/hr in the absence of SCI (n = 3) (Movie S12), compared to 16 6 3 mm/hr in wild-type DBs (n = 3) (see legend of Movie S10 for a general discussion about average migration speeds), but despite extensive elongation (see ''SCI Is a Consequence of DB Elongation''), they did not reach the dorsal midline ( Figure S4 ). These observations indicate that if SCI does not occur, the tip-cell pulling forces are not sufficient to complete DB elongation. However, ectopic expression of sal in DBs does not appear to affect the migratory function of the tip cells because such branches, when disconnected from the dorsal trunk by laser microsurgery, reached the dorsal midline at an average speed of 11 6 3 mm/hr without collapsing (n = 3) (Movie S12). Taken together, these results suggest that beyond a certain mechanical strain, DB restoring forces overcome the tip-cell pulling forces in the absence of SCI.
We estimated DB restoring forces by measuring DB retraction speed upon tip-cell ablation (see Experimental Procedures). Wild-type DBs that had not begun SCI (n = 7) retracted at a speed of 0.15 6 0.08 mm/s, whereas wild-type DBs that had initiated (n = 7) or completed (n = 10) SCI retracted faster, at a speed of 0.93 6 0.26 mm/s and 0.75 6 0.25 mm/s, respectively ( Figure 4C ), suggesting that DB restoring forces depend on the DB mechanical strain. In order to directly examine the effects of SCI on DB restoring forces, we compared the retraction speed of DBs expressing sal (n = 9) to wild-type DBs of similar length in which SCI had already been initiated or completed (n = 17) ( Figure 4C ). The DBs expressing sal retracted at a speed of 1.5 6 0.17 mm/s, compared to 0.82 6 0.26 mm/s of wild-type DBs, suggesting that DB restoring forces are stronger in DBs expressing sal, i.e., in the absence of SCI, than in wild-type DBs.
We conclude from the results of this section that SCI appears to modulate DB viscoelastic properties in a way that facilitates further DB elongation. However, we have to point out that rather than achieving total DB relaxation, SCI appears to be able to only relieve part of the tensile stress that accumulates in the DBs as they elongate, because SCI can not totally prevent DB restoring forces to increase when DBs lengthen. (C) Scatter plot comparing the initial retraction speed upon tip-cell ablation in a given DB with the length of this DB just before tip-cell ablation. Wildtype DBs before SCI (n = 7, crosses), during SCI (n = 7, triangles), and after SCI (n = 10, diamonds) can be compared to DBs expressing spalt (n = 9, circles). (D) Scatter plot comparing the amount of DB retraction upon tip-cell ablation in a given DB with the length of this DB just before tip-cell ablation. Wild-type DBs before SCI (n = 5, crosses) can be compared to wild-type DBs after SCI (n = 8, diamonds); a regression line was calculated (r = 0.85, p < 10 24 ).
SCI Adapts to Tensile Stress
SCI can be subdivided into elementary intercalation events (two stalk cells undergo a transition from a side-by-side to an end-to-end arrangement). Using mutations in the cell-cycle genes Cyclin A (CycA) and dacapo (dap) to decrease and increase, respectively, stalk-cell number in DBs [21] , the number of elementary intercalation events composing SCI can be modulated. Several lines of evidence point to the conjecture that these elementary intercalation events respond to tensile stress. First, SCI begins within a narrow range of mechanical strain. We measured DB length when the first elementary intercalation event was triggered (n = 13, see Experimental Procedures). As stalk-cell number varies from 2 to 10, this length remained in the same range: 36 6 5 mm (Figure 5A ), suggesting that a certain mechanical threshold triggers the first elementary intercalation event. Second, the mechanical strain required for completing the last elementary intercalation event of SCI is proportional to the stalk-cell number. We measured DB length right after the last elementary intercalation event (n = 50, see Experimental Procedures). We found a linear relationship (r = 0.88, p < 10 26 ) between DB length upon completion of intercalation and the number of cells in the stalk ( Figure 5B ). In an extreme case, the stalk-cell number was 12 and the DB extended to the dorsal midline without intercalating all its stalk cells ( Figure 5C ). These results suggest that, as the number of elementary intercalation events increases, more mechanical strain is needed to reach the tensile stress that triggers the last elementary intercalation event.
Discussion
Our findings lead us to propose a model for tracheal primary branch elongation. Tip-cell migration applies on the branches a mechanical load, which induces a mechanical strain. Above a certain threshold, the tensile stress created in the tracheal branches triggers SCI ( Figure S5A ). SCI is a way to passively relieve some tensile stress and increase the elongation capacity of the branches. The elementary intercalation events, which compose SCI, are performed sequentially ( Figure S5B ) and are evocative of a retractable rod antenna that unfolds ( Figure  S5C ). Although suggestive, our results do not allow us to fully characterize the viscoelastic behavior of the remodeling tracheal primary branches. We still have to overcome several technical challenges to apply the solid mechanics formalism, measure the plasticity of the DBs, and determine DB stressstrain curves in live embryos.
Our model for polarized epithelial elongation in primary tracheal branches is different to the one proposed for GBE in Drosophila [13, 14] . In primary tracheal branches, it appears that cell intercalation is the consequence, not the cause, of epithelium elongation (compare Figure S2 with Figure S5A ). Epithelial cell intercalation is essential for polarized elongation of many tissues, including the Drosophila germ band [22] and hindgut [23] , the Caenorhabditis elegans intestine [24] , and the Xenopus laevis neurectoderm [25] . Moreover, artificial stretching of the Xenopus laevis ventral ectoderm triggers epithelial cell intercalation [26] . It is unlikely that Drosophila evolved a remodeling process specific to the tracheal system. More likely, this process is an implementation of conserved mechanisms of epithelial cell intercalation functioning in other systems. Diverse cell behaviors such as polarized protrusive activity [27] , differential adhesion [22] , and cell-shape changes [13] have been involved in epithelial cell intercalation. They all require some kind of cell self orientation in order to coordinate forces at cell boundaries relatively to the elongation axis. Tracheal primary branch elongation seems to proceed differently. SCI does not depend on forces generated locally within or between the stalk cells (internal forces), but on pulling forces applied to the tip cells. These forces are aligned along the elongation axis and provide the stalk cells with a remote polarization cue. It has been proposed that in an epithelium in which internal forces point in all directions, polarized forces at tissue margins could selectively amplify or favor a subset of internal forces upon which epithelial intercalation would depend [28] . Although this eventuality cannot be definitively discarded in tracheal primary branch elongation, our results show that external forces are the main driver of SCI.
The absence of internal force does not mean that no factors present in the stalk cells are involved in SCI. However, we expect these local factors to be parts of a ''clutch mechanism'' rather than ''motors.'' Two transcription factors are known to interfere with SCI at the stalk cell level: sal (when ectopically expressed) and tramtrack (when removed) [8, 29] . Most of their target genes are still unknown, but the few that have been recently discovered are consistent with our views [30] . So far, only a few inter-cell adhesion regulators such as polychaetoid, Rac, Src, Rab11, and dRip11 have been directly implicated in SCI [30] [31] [32] [33] . Likely, many branch remodeling factors act in concert to allow accurate SCI, and our work will provide a mechanical framework to analyze their interplay.
Experimental Procedures Cloning
To produce a Drosophila transformation vector containing mCherry (cDNA obtained from R.Y. Tsien) with a nuclear localization signal (NLS), mCherry-NLS was excised XhoI/XbaI from the pBS-KSII-mCherry-NLS plasmid (gift from L. Herwig) and cloned into the XhoI/XbaI cleaved pUAST vector, generating pUAST-mCherry-NLS. Transgenic Drosophila lines were generated by standard procedures.
Drosophila Strains
The following strains were used in this study: UAS-GFP::Actin [34] , btl-Gal4, His2AvD::mRFP (see below), btl-Gal4, UAS-aCat::GFP [8] , btl-Gal4, UASmCherry-NLS (see below), btlenhancer-mRFP::moe [8] , hs-flp; btlenhancer > y + > Gal4, UAS-GFP::Actin; mRFP::moe [8] , Sqh::GFP [35] , UAS-Sqh::GFP (gift from M. Neumann), Ik2 GS11377 [15] , twi 1 /CyO, P{Dfd-GMR-nvYFP}2; btl-Gal4, UAS-aCat::GFP (see below), en-Gal4 (Bloomington stock center), bsk 2 /CyO, P{Dfd-GMR-nvYFP}2; btl-Gal4, UAS-aCat::GFP (see below), UAS-spalt [36] , btl-Gal4, UAS-aCat::GFP; CycA C8LR1 /TM3, P{Dfd-GMRnvYFP}3, Sb 1 (see below), and dap 4 /CyO, P{Dfd-GMR-nvYFP}2; btl-Gal4, UAS-aCat::GFP (see below).
The recombinant lines were generated with the following strains, mutants, and balancers: btl-Gal4 [37] , His2AvD::mRFP [38] , UAS-mCherry-NLS, twi 1 (Bloomington stock center), bsk 2 (Kyoto stock center), CycA C8LR1 (Bloomington stock center), dap 4 (Bloomington stock center), CyO, P{Dfd-GMRnvYFP}2 (Bloomington stock center), and TM3, P{Dfd-GMR-nvYFP}3, Sb 1 (Bloomington stock center).
Live Imaging
Embryos expressing combinations of GFP, monomeric Red Fluorescent Protein (mRFP), and mCherry fusion genes were used. Targeted gene expression was achieved with the UAS-Gal4 system. The btl-Gal4 and enGal4 drivers were used to label tracheal cells and cells of the posterior compartment of each segment of the epidermis, respectively [18] . btl-Gal4 weakly labels the amnioserosa cells as well. His2AvD::mRFP was ubiquitously expressed under the direct control of the ubiquitin promoter. mRFP::moe was expressed in the tracheal system under the direct control of the btl promoter. To express GFP::Actin in individual tracheal cell, hs-flp; btlenhancer > y + > Gal4, UAS-GFP::Actin; mRFP::moe embryos were heat shocked for 45 min at 37 C, and raised at room temperature for 6 hr before mounting (see below).
The embryos were collected overnight, dechorionated in 4% bleach, and mounted in 400-5 mineral oil (Sigma Diagnostic, St Louis, MO) between a glass coverslip and a gas-permeable plastic foil (bioFOLIE 25, In Vitro System and Services, Gottingen, Germany). They were imaged either on a Leica TCS SP5 scanning confocal microscope, a Leica TCS SP scanning confocal microscope, an Olympus FluoView FV1000 confocal microscope, or a PerkinElmer Ultraview LCI spinning disc confocal microscope. Unless otherwise noted, Z stacks were collected with optical sections at 1 mm intervals, and only second, third, and fourth DBs (see Figure S1A ) were analyzed.
Laser Microsurgery
Laser microsurgery was performed through 633/1.2NA immersion objectives on a Zeiss Axiovert 200M epifluorescence microscope equipped with a frequency tripled Nd:YAG pulsed laser (JDSUniphase, Grenoble, France) and an ORCA Hamamatsu CCD camera (Hamamatsu Photonics KK, Hamamatsu, Japan) [19] or on an Olympus FluoView FV1000 confocal microscope equipped with a 532 nm pulsed laser. Cell ablation by membrane poration was achieved by focusing at cellular junctions a 2 mm line target including about 20 laser pulses with a pulse energy ranging from 250 to 400 nJ.
Image Analysis
Image processing was made with ImageJ (W. Rasband; http://rsb.info.nih. gov/ij/) and house-made ImageJ plugins. In brief, Z stacks were projected to obtain flat images. The sample motions were corrected in X and Y dimensions by manual reference point tracking. In Figure 2 and Movie S7, an area centered on the fifth DB (see Figure S1A ) was imaged; Z stacks were collected with optical sections at 0.5 mm intervals; transverse views were generated by rotating the stacks 90 along the y axis before projection.
In the experiments where DBs were disconnected from the dorsal trunk by laser microsurgery (see Movies S10, S11, and S13), the average speeds of DB tip-cell migration were measured on Z stack projections after disconnection and expressed in mm/hr. The integration time for these measurements was 2 hr if microsurgery occurred before SCI, and 1 hr if microsurgery occurred during SCI. These measurements, done in the disconnected DBs and in the control DBs left intact, allow a comparison between these two kind of branches and across multiple experiments. However, we have to point out that, despite our attempts to measure these data as accurately as possible (averaging a period of 2 hr when possible), they suffer from relatively high variability. Figure 4B and the data in Figures 4C and 4D were produced with the kymograph plugin (J. Rietdorf and A. Seitz; http://www.embl.de/eamnet/html/ kymograph.html). In Figure 4C , the DB retraction speeds upon tip-cell ablation were measured by the slope of the corresponding kymographs at that time point (see Figure 4B) . In Figure 4D , the amount of DB retractions upon tip-cell ablation were estimated by the maximum retraction of the stalk-cell nuclei on the corresponding kymographs (see Figure 4B ). In the text and Figure 5 , DB lengths were measured as follows: Z stacks in which DBs have just begun SCI (when the first elementary intercalation event is triggered, the first autocellular AJs are formed), have just completed SCI (right after the last elementary intercalation event, the last intercellular AJ ring is formed), or have just fused to controlateral DBs (AJs markers begin to accumulate at the fusion point) were selected; volumes were generated from the selected Z stacks and used to measure curved distances along the DBs; DB length was defined as the distance between the dorsal branch AJs that connect the first stalk cell to the dorsal trunk and the ones that are at the extremity of the tip-cell loop or at the fusion point with the controlateral DB. Linear regressions were calculated with R (http://www.r-project.org/).
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